The kinetics of the emulsion-breaking process are governed by three different particle loss mechanisms: Brownian flocculation, sedimentation flocculation, and creaming. Various particle loss mechanisms have been delineated and the relative importance of Brownian flocculation and sedimentation flocculation compared. A general map presenting regimes of dominant particle loss mechanisms has been developed from which one can determine the dominant particle loss mechanism for a given particle size and density difference. In addition, the relative importance offlocculation and creaming has been delineated for a monodispersed system. The effects of particle size, surface potential, concentration, density difference, temperature, and ionic strength on the relative importance of ftocculation and creaming have been analyzed.
INTRODUCTION
An emulsion is a thermodynamically unstable system and possesses a natural tendency to break. By dispersing one phase into the other, the interface between them is greatly increased, as is the free energy of the interface which is proportional to the interface area. The emulsion, therefore, possesses a natural tendency to separate into two phases.
The kinetics of the emulsion-breaking process are governed by three different particle loss mechanisms: Brownian flocculation, sedimentation ftocculation, and creaming. Particles under Brownian motion collide and then coalesce to form larger particles. At the same time, particles are creaming out due to the difference in the densities of the particles and continuous medium. Sedimentation flocculation is due to differential creaming rates of particles of different sizes. The larger particles cream out at a faster rate than the smaller ones; therefore, larger particles collide with slowermoving smaller particles as they cream out.
In most common emulsions, all the particle loss processes take place simultaneously. A general dynamic equation (GDE) which includes all three processes was derived and solved numerically (1) . While the numerical solution to the GDE does accurately predict changes in the particle size and size distribution, it does not delineate the various particle loss processes. It can be explained qualitatively that flocculation will be significant for smaller particles and creaming will be significant for larger particles. However, it is important to develop quantitative relationships to predict the state of an emulsion, i.e., whether emulsion particles are creaming or flocculating, and if both are occurring, which is predominant. In addition, the importance of flocculation resulting from sedimentation will be determined. The object here is to develop maps with domains representing the relative importance of the various particle loss processes as a function of key emulsion properties. tween particles of radius a~ and at are given by the expressions (1-3)
Bit---31xW~j2kT (~_~+ ~-j)(ai + at), [ The at the equation for the sedimentation collision frequency are that the particle paths are straight vertical lines, the collision efficiency is unity, and the stability factor is identical to that of the Brownian collision frequency. In a related study where the particle size distribution was monitored as a function of time and position, a comparison of theory and experiment shows these assumptions are reasonable (1) . For a given emulsion particle concentration, the rate of collisions between the ith class and the jth class due to Brownian motion and gravitational motion are proportional to B~j and G~ t, respectively. Therefore, the ratio of Brownian fiocculation to sedimentation flocculation is given by
G~j _ 4rrApg a~aj(a~ -a~).
[3]
Bij 3 kT
Let aJat = R~j. Then,
[4]
Bit 3kT
One observes that this ratio goes through a maximum between R~j = 0 and Ri~ = 1. Differentiating to find the maximum,
Solving for Rij,
In other words, if the particle size distribution were bimodal with the particles of one size being approximately one-half the size of the particles of other size, the ratio of sedimentation flocculation to Brownian flocculation is a maximum. The ratio Go/B~j passes through 0 and 1 for a given a and has a maximum value at R~ = 1/31/2. The value of the ratio at the maximum is
B~j .max 3kT 87rApg -a 4.
[6]
We can now determine the particle radii, hi, for which the rate of sedimentation flocculation will equal the rate of Brownian flocculation:
8 ,rr A p g The rate of Brownian flocculation between particles with radii 1 and 0.58 /zm is equal to the rate of sedimentation flocculation between the same particles.
For a paraffin oil-in-water emulsion, the ratio (G#Bij) is plotted as a function of Rit for various values of Di as a parameter in From these plots, one can estimate the relative importance of Brownian flocculation and sedimentation flocculation. For example, if the emulsion particles are about 1/zm in diameter, the Brownian flocculation can be about 15 times greater than the sedimentation flocculation. If the particles are about 4/zm in diameter, the sedimentation flocculation can be 10 times greater than the Brownian flocculation. For particles of about 2/zm in diameter interacting with particles I/zm in diameter, the Brownian flocculation and sedimentation flocculation will be about the same. Plots of this type provide very useful qualitative information on the stability of an emulsion. Similar plots can be drawn for different values of Ap and T.
FLOCCULATION VS CREAMING
Emulsion particles of a particular size disappear by any of three processes: Brownian flocculation, sedimentation flocculation, and creaming. Brownian flocculation is due to random thermal motion of particles, creaming is due to gravitational force on the particles, and sedimentation flocculation is due to differential creaming velocities of different size particles. All the loss processes are due to thermal and gravitational forces. If gravitational forces are negligible, the particles will disappear only by Brownian flocculation. Generally, if the particles are very small or if the density of the particles is nearly equal to the density of the medium, the gravitational forces are negligible. Thermal forces will be negligible on larger particles.
Regimes on these various limiting cases can be delineated quantitatively by manipulating the equations for creaming velocity and Brownian and gravitational collision frequency functions. Creaming or settling velocity, U, of a particle of radius a is given by the equation where Ap = the difference between the density of particles and medium, g = the gravitational constant, and tz = the viscosity of the continuous medium.
U~-2af]z~p]g ,
For a given fluid, the creaming velocity is a strong function of particle size. For very small particles, the creaming velocity will be negligible compared to the thermal motion. A generally accepted rule (3) is that the gravitational forces on the particle can be neglected for creaming velocities of 1 mm/day or less. If particles are smaller than ac, they disappear only by Brownian flocculation. If they are larger than ac, they could disappear by any of the three particle loss mechanisms.
U~ -2a~lAp]g
From Eq.
[6], (G~j) ,2-87rAog a~.
[6] Bu /~ j=(~/3) / 9(3)lJ~kT Fig. 2 . Equation [ 10] was used to obtain the upper boundary of region I, and Eqs.
[11] and [12] were used to obtain the lower boundary and the upper boundary of region III, respectively. The figure can be used for any system provided that the temperature and viscosity of the continuous medium correspond to the values shown in the figure. It can also be used for centrifugal settling instead of gravitational settling. For centrifugal settling, g is to be replaced by w2X, where w is the rate of rotation and X is the distance from the center.
Various regions in Fig. 2 represent the possible dominant particle loss process. For example, in region I creaming and sedimentation will be negligible and particles may disappear only by Brownian flocculation. Brownian flocculation in region I will depend on the surface potential of the particles. If the particles carry a large surface potential, even the Brownian flocculation will be negligible. Brownian flocculation will also be negligible if the emulsion is very dilute. If a particular emulsion falls in region I, one can neglect creaming and sedimentation flocculation terms in the general dynamic equation.
If an emulsion's properties are in region II, sedimentation flocculation will be negligible when compared to Brownian flocculation, Creaming is bound to occur and the rate of Brownian flocculation will depend on surface potential and concentration of particles. Similarly, in region IV Brownian flocculation will be negligible. Creaming is bound to occur and the rate of sedimentation flocculation depends on surface potential, particle concentration, and polydispersity of the emulsion. In the case of a polydispersed system, the plot tells the type of mechanism acting on a particular size particle.
EFFECT OF PHYSICAL AND ELECTROSTATIC PROPERTIES ON RELATIVE RATES OF FLOCCULATION AND CREAMING
In general, a high surface potential keeps the particles stable against flocculation while a small particle size and negligible density difference between particles and continuous medium keep the particles stable against creaming. The relative importance of the two processes has not been extensively delineated for given physical and electrostatic properties of the emulsion. From previous sections, one can determine which one of the processes will be negligible for a given particle size and density difference. In this section, the relative importance of the processes for a given particle size, density difference, ionic strength, surface potential, and particle concentration will be discussed. The information is derived analytically by assuming a monodispersed or very nearly monodispersed system. aZW An approximate and useful relationship for the stability factor, W, for the case when the potential energy of interaction is at least five times greater than the thermal energy, kT, is given by (4, 5) can be used to develop the domains of the importance of various particle loss mechanisms. By equating the rate offlocculation to the rate of creaming, R = 1, one can determine the relationship between @ and the particle radius for all other given properties. In Fig. 3 the surface potential is plotted as a function of the particle radius for a given ionic strength and temperature for various values of the parameter hN/Apg. IfhN/gAp and the particle radius are known, one can determine from Fig. 3 whether the creaming is important and the value of qJ necessary to keep the particles stable against flocculation.
If one knows all the properties of the emulsion, it is possible to determine the ratio of the rate of flocculation to the rate of creaming, R. This can be achieved by treating the quantity (Nh/gAp) in Fig. 3 as (Nh/gApR).
If the particle radius, a, surface potential, @, particle concentration, and density difference are known, one can find the ratio of the rate of flocculation to the rate of creaming, R. For example, for @ = 20 mV and a = 0.5/xm one finds from Fig. 3 Nh _ _ -1017.
gApR
For particle concentration of 1013 particles/ cm 3, height of 9.8 cm, and a Ap of 0.1 g/cm% the Nh --1012 gap orR = 10 -5. For this particular system, the rate of creaming will be l0 s times greater than the rate offlocculation. From Fig. 3 one also observes, for a particle radius of 0.325 /xm instead of 0.5/xm, the rate of creaming and flocculation will be equal. For the same system, the rate of flocculation will be equal to the rate of creaming if the surface potential is 16 mV instead of 20 inV. In other words, if the system falls below the line corresponding to its Nh/gAp, the particles will be mostly flocculating; above the line they will be mostly creaming. For this system, if the particle radius is less than 0,4/xm and @ is less than 15 mV, virtually all the loss of particles from the emulsion will result from flocculation. If the particle radius is greater than 0.6 gm and q, is greater than 23 mV, particles will be lost by creaming. If the particle radius and surface potential are in between these ranges, particles will be lost by simultaneous flocculation and creaming. Figure 3 with various domains is very useful in determining the state of an emulsion and the effect of various parameters on the stability of emulsions. The effect of electrolyte concentration is shown in Fig. 4 , where surface potential is plotted as a function of particle radius for a given Nh/g Ap and temperature. From this figure, one can also determine the electrolyte concentration at which flocculation and creaming become equal, or for a given concentration of electrolyte, the dominating particle loss mechanism. For example, if Ce = 10 -2 gmole/liter, the particle radius is greater than 0.5 ~m, and @ is greater than 15 mV, the particles will be mostly creaming; for the same electrolyte concentration, if the particle radius is less than 0.4 /~m and @ is less than 10 mV, they will be mostly flocculating and in between these values particles will be lost by flocculation and creaming simultaneously.
The effect of temperature is shown in Fig.  5 . For most practical oil/water emulsions the increase in temperature increases the rate offlocculation and the rate of creaming without much change in the ratio of these rates. However, large increases in temperature (feasible in colloid sols or special emulsions under pressure) will increase the ratio of the rate of flocculation to the rate of creaming, as seen in Fig. 5 .
In the case of unstable emulsions such as water-in-oil emulsions without any stabilizer, the stabilityfactor, W, can be equated to unity. Equation [19] reduces to 6kT ( hN t R = a 2 \~-~pj .
[26]
Equation [26] can be written in terms of the volume fraction of the dispersed phase, qS:
9kT 1( hch t R -2~ aS\gAp/ " [27] Solving Eq. [27] for the particle radius, a,
[28]
Equation [28] was used to map the domains of the dominant particle loss mechanism for water-in-oil emulsions, as shown in Fig. 6 . The ratio of the rate of flocculation to the rate of creaming can be determined in the same manner as explained for Fig. 3 . In the case of water-in-oil emulsions, flocculation is dominant unless the particles are very large or the concentration is very low in which case creaming becomes dominant.
The total rate of loss of particles due to flocculation and creaming can be determined Therefore, the loss of monodispersed particles per unit volume per unit time due to flocculation and creaming is 1.1436 × 1014. Since the emulsion under consideration is monodispersed, the loss of particles by flocculation will result in a gain of particles of larger size. The maps of various types with regimes presenting the dominant particle loss mechanisms are very useful in predicting the semiquantitative information about the stability of emulsions. The maps can also be used for preparing the emulsions of desired stability. However, for accurate information on the stability of emulsions, one needs to solve the general dynamic equation (1).
SUMMARY
The relative importance of Brownian flocculation and sedimentation flocculation was delineated. If the density difference between the particles and the continuous medium is about 0.22 g/cm ~, Brownian flocculation is significant for particles of diameter smaller than 1 /xm and sedimentation flocculation for particles larger than 2 ~m.
A general map for any emulsion, depicting the regimes of dominant particle loss mechanism, was developed. From this map one can determine the qualitative information about the stability of an emulsion for a given particle size and density difference.
The relative importance of Brownian flocculation and creaming was investigated. General maps were prepared showing the effect of various physical and electrochemical properties on the relative rates of flocculation and creaming. It is possible to obtain useful information on the stability of an emulsion before proceeding to complicated mathematical computations.
